1. Introduction {#sec1-ijms-20-05142}
===============

For all living organisms, the fidelity of DNA replication is crucial for accurate transfer of generic information between generations. Unfortunately, some endogenous and environmental factors may cause uncorrected errors, which may lead to mutations potentially causing cell death, cancer, and neurodegenerative diseases \[[@B1-ijms-20-05142]\]. Therefore, during evolution, organisms have developed several repair systems to preserve the genome integrity, such as nucleotide excision repair (NER) and base excision repair (BER), DNA mismatch repair (MMR), homologous recombination repair (HR), and non-homologous end joining \[[@B2-ijms-20-05142],[@B3-ijms-20-05142],[@B4-ijms-20-05142],[@B5-ijms-20-05142],[@B6-ijms-20-05142],[@B7-ijms-20-05142]\]. MMR is responsible for correcting base substitution mismatches and insertion-deletion mismatches generated during DNA replication in organisms \[[@B3-ijms-20-05142],[@B8-ijms-20-05142],[@B9-ijms-20-05142]\]. Extensive studies have found that MutS, MutL, and their homologs are key players in the MMR process in *Bacteria* and *Eukarya* \[[@B10-ijms-20-05142],[@B11-ijms-20-05142],[@B12-ijms-20-05142],[@B13-ijms-20-05142]\]. However, the well-known MMR machinery is absent in most archaeal species, including *Crenarchaeota*, a few groups of *Euryarchaeota*, and almost all members of bacterial phylum *Actinobacteria* \[[@B14-ijms-20-05142],[@B15-ijms-20-05142],[@B16-ijms-20-05142],[@B17-ijms-20-05142],[@B18-ijms-20-05142]\]. Although no gene has been identified as encoding the MutS/MutL homolog and the genes encoding MutS/MutL homologs are dispensable in archaeal species, the rates and spectra of spontaneous mutations in these organisms are comparable to the prokaryotes which have the MutS/MutL mismatch repair system \[[@B19-ijms-20-05142],[@B20-ijms-20-05142],[@B21-ijms-20-05142]\]. A recent study has identified a novel endonuclease, named EndoMS (endonuclease mismatch-specific), in the hyperthermophilic *Archaea*: *Pyrococcus furiosus* and *Thermococcus kodakarensis*, which recognizes mismatched bases in the DNA strand and cleaves both strands to produce 5${}^{\prime}$-protruding ends and suggests a novel MMR pathway in archaeal species that operates without the MutS/MutL homology \[[@B14-ijms-20-05142],[@B15-ijms-20-05142],[@B22-ijms-20-05142],[@B23-ijms-20-05142],[@B24-ijms-20-05142],[@B25-ijms-20-05142]\].

EndoMS is the ortholog of NucS, which has been thought to be an ssDNA-specific enzyme \[[@B26-ijms-20-05142]\]. However, the study showed that the cleavage activity of 50 nM of EndoMS/NucS was not detectable for 5 nM ssDNA. Compared with the cleavage activity of EndoMS/NucS to ssDNA, only 1.3 nM of the same enzyme could cleave 5 nM T/G mismatched dsDNA substrate \[[@B15-ijms-20-05142],[@B24-ijms-20-05142]\]. MutS has been reported to bind to a broad range of mismatches and correct G/T, C/A, C/T, A/A, T/T, and G/G mismatches with similar efficiencies \[[@B11-ijms-20-05142],[@B27-ijms-20-05142],[@B28-ijms-20-05142]\]. EndoMS/NucS has cleavage activity for G/T, G/C, T/T, T/C, and A/G mismatches, with a higher preference for G/T, G/G, and T/T mismatches, but almost no effect on C/C, A/C, and A/A mismatches, which suggests that EndoMS/NucS has a different binding mechanism for mismatched dsDNA \[[@B15-ijms-20-05142],[@B24-ijms-20-05142]\]. When EndoMS/NucS was removed from the actinobacterium *Corynebacterium glutamicum*, a drastic increase of spontaneous transition mutations in the EndoMS/NucS deletion strain was detected \[[@B15-ijms-20-05142]\]. The crystal structure revealed that EndoMS/NucS is a homodimer, which has a significant conformational change before and after binding to dsDNA \[[@B24-ijms-20-05142]\]. The C-terminal domains of EndoMS/NucS move approximately 40 Å and rotate by about 100${}^{\circ}$ to bind to dsDNA; after which, the C-terminal domains tether the dsDNA \[[@B24-ijms-20-05142]\]. During the binding, the conformations of N-terminal domains are stable. The canonical MMR or BER enzymes flip out mismatched bases and bend dsDNA for recognition. For example, these two kinds of enzymes bend dsDNA about 42${}^{\circ}$ and 62${}^{\circ}$ to recognize \[[@B24-ijms-20-05142]\]. However, EndoMS/NucS shows a different mismatch recognition mechanism, in which the angle of the dsDNA in the EndoMS/NucS-DNA complex is close to a canonical B-form double helix. The mismatched dsDNA recognition mechanism and binding process of EndoMS/NucS should be further studied to help us understand the novel MMR pathway in many archaeal species.

In this paper, we performed all-atom molecular dynamics (MD) simulations in solution, along with molecular docking, molecular modeling, and energy calculations, to gain insights into the recognition and binding mechanism of EndoMS/NucS to dsDNA that has mismatched bases. It is shown that there is a transition state at an activation angle (approximately 80${}^{\circ}$) between the open state and the closed state of the two C-terminal domains of EndoMS/NucS. When the angle is larger than the activation angle, the C-terminal domains are free to move and prefer to stay in the open state. Otherwise, the C-terminal domains will interact with the mismatched dsDNA directly and converge to the closed state at the global energy minimum. It was also found that the hydrogen bonds and $\pi$--$\pi$ interactions between the N-terminal domains and the mismatched dsDNA play a critical role in recognizing and anchoring the mismatched dsDNA. In addition, our simulations reveal a new K${}^{+}$ binding site in the middle of two mismatched bases, which is necessary for bridging the two bases.

2. Results and Discussion {#sec2-ijms-20-05142}
=========================

2.1. Energy Curve of EndoMS/NucS from the Open State to the Closed State {#sec2dot1-ijms-20-05142}
------------------------------------------------------------------------

The MutS is an important protein in the well-known MMR. It can bind to a broad range of mismatched bases and correct them with similar efficiencies \[[@B11-ijms-20-05142],[@B27-ijms-20-05142],[@B28-ijms-20-05142]\]. The crystal structure of MutS indicates that it has flexible N-terminal domains to recognize mismatched dsDNA \[[@B29-ijms-20-05142],[@B30-ijms-20-05142]\]. The movement of the highly flexible lever domains allows the DNA helix to enter the DNA-binding site. The new mismatched repair protein EndoMS/NucS shows a different binding process, which is consistent with restriction enzymes. According to the experimental structures of EndoMS/NucS in apo and dsDNA-bound forms, the C-terminal domains have to move about 40 Å and rotate by about 100${}^{\circ}$ to bind to the mismatched dsDNA \[[@B24-ijms-20-05142]\]. In the binding process, the conformations of the N- and C-terminal domains do not show significant fluctuations. EndoMS/NucS shows repair activities preferably on G/T, G/G, and T/T mismatched bases, and has no effect on C/C, A/C, and A/A mismatched bases, which suggests a new recognition and binding behaviour \[[@B15-ijms-20-05142],[@B24-ijms-20-05142]\]. It is necessary to explore the nature of the relevant energy to uncover the mechanism of the binding process of EndoMS/NucS to mismatched dsDNA. In order to eliminate the effect of conformational fluctuation of EndoMS/NucS, we constructed models of EndoMS/NucS-dsDNA from the open state to the closed state. The relative energy curve of the binding progress is shown in [Figure 1](#ijms-20-05142-f001){ref-type="fig"}. According to the energy curve of EndoMS/NucS-dsDNA, it can be seen that the closed state (at approximately 10${}^{\circ}$) is located at the global energy minimum, and the open state (at approximately 110${}^{\circ}$) is located at a local energy minimum, which indicates that the closed state is more stable than the open state. There is a energy barrier (at approximately 80${}^{\circ}$) between the open state and the closed state. Along the energy barrier to the closed state, there exist several energy minima. In the next section, we will give a detailed study of the binding process.

2.2. Binding Process of EndoMS/NucS to the Mismatched dsDNA {#sec2dot2-ijms-20-05142}
-----------------------------------------------------------

EndoMS/NucS is a new MMR protein identified in archaeal species, in which the well-known MMR machinery (MutS/MutL) is absent \[[@B14-ijms-20-05142],[@B15-ijms-20-05142],[@B22-ijms-20-05142]\]. Due to the limitations of experimental techniques, the dynamic process of EndoMS/NucS binding to mismatched dsDNA is unclear. In this section, we detail the extensive MD simulations which were performed to explore the binding process of EndoMS/NucS to the mismatched dsDNA.

We first performed short MD simulations (100 ns) on the 20 models at a temperature of 300 K to explore the binding process. In order to obtain insights into the conformational dynamics of EndoMS/NucS, we calculated the angles between two C-terminal domains versus time ([Figure 2](#ijms-20-05142-f002){ref-type="fig"}). As shown in [Figure 2](#ijms-20-05142-f002){ref-type="fig"}, the conformations of EndoMS/NucS around the angle 80${}^{\circ}$ have a big sparsity, which is consistent with the energy calculation. When the angle is larger than the activation angle (approximately 80${}^{\circ}$), the system shows a high mobility and tends to converge to the open state. This may be understood, because the open state is at the local energy minimum and there is no local energy minimum between the open state and the energy barrier ([Figure 1](#ijms-20-05142-f001){ref-type="fig"}). When EndoMS/NucS is in the open state, the C-terminal domains have direct interaction with the N-terminal domains, as revealed by analyzing the experimental structure \[[@B24-ijms-20-05142]\]. This explains why the open state is stable when the C-terminal domains do not have interactions with the mismatched dsDNA. The energy barrier causes the open state to become relatively stable. When EndoMS/NucS is in the open state, the DNA-binding site on the N-terminal domains is exposed to solvent, which is important for EndoMS/NucS to recognize the mismatched dsDNA. When the angle is smaller than the activation angle, the C-terminal domains are relatively stable ([Figure 2](#ijms-20-05142-f002){ref-type="fig"}). Only M18 and M19 systems, for which the angle of the C-terminal domains is close to the closed state, converge to the closed state. Together with [Figure 1](#ijms-20-05142-f001){ref-type="fig"}, it can be found that other systems, such as M14 and M15, are trapped at a local energy minimum, and may need longer MD simulations to reach the closed state. We performed free energy decomposition on all the systems, based on a trajectory of 20 ns, and the results are shown in [Figure 3](#ijms-20-05142-f003){ref-type="fig"} and [Figure S1](#app1-ijms-20-05142){ref-type="app"}. Quantitative information about the binding free energy decomposition is very useful in identifying those residues that directly interact with the mismatched dsDNA. [Figure 3](#ijms-20-05142-f003){ref-type="fig"} indicates that the interaction spectra between the N-terminal domains and the mismatched dsDNA are similar. The strong interactions between the N-terminal domains and the mismatched dsDNA indicate that the N-terminal domains can recognize the mismatched dsDNA and tightly catch it when EndoMS/NucS is in the open state. When the angle between the C-terminal domains is smaller than the activation angle (80${}^{\circ}$), the C-terminal domains of all these systems have direct interaction with the mismatched dsDNA. That explains why the angles between the C-terminal domains are stable when the initial angle is smaller than the activation angle. When the angle is smaller than the activation angle, the C-terminal domains are near the mismatched dsDNA, and easily interact with it. Therefore, the angle between the C-terminal domains is stable when the initial angle is smaller than the activation angle. We already know, from the free energy landscape, that the activation angle is located at an energy barrier, and the open state and the closed state are located at a local energy minimum and the global energy minimum, respectively. Based on the MD simulations, when the angle is larger than the activation angle, the C-terminal domains tend to move to the open state, which is in agreement with the energy landscape. However, the C-terminal domains may not quickly transit to the closed state when the angle is smaller than the activation angle, due to the existence of some local energy minima.

We also performed longer MD simulations on five selected models (M1, M5, M10, M15, and M20) under a higher temperature to further study the binding process of EndoMS/NucS to the mismatched dsDNA. For classical MD simulations, a lot of time is needed to explore the dynamic process of the C-terminal domains, so we performed these MD simulations at a higher temperature to increase the reaction rate. [Figure 4](#ijms-20-05142-f004){ref-type="fig"}a shows the angle curves of M1, M5, M10, M15, and M20 during the MD simulations. The average structure during the last 2 ns, compared with initial structure and active structure of M10, is shown in [Figure 4](#ijms-20-05142-f004){ref-type="fig"}b. As shown in [Figure 4](#ijms-20-05142-f004){ref-type="fig"}a, the angles of M1 show large fluctuations and the two C-terminal domains do not directly interact with the mismatched dsDNA.

The angles of M5, M10, and M15 show a significant decrease during the MD simulations. Only one C-terminal domain of M5 had an interaction with the mismatched dsDNA. For M10 and M15, in which the initial angles were smaller than activation angle, the two C-terminal domains first interacted with the mismatched dsDNA and then transitioned to the closed state. The average structures of M10 and M15 were close to the closed state, which further confirms speculation that the C-terminal domains directly interact with the mismatched dsDNA and then transition to the closed state ([Figure 4](#ijms-20-05142-f004){ref-type="fig"}b). The C-terminal domains need to overcome the energy barrier (activation angle) to interact with the mismatched dsDNA when the angle is larger than the activation angle.

2.3. Interactions of the Open State and the Closed State with Mismatched dsDNA {#sec2dot3-ijms-20-05142}
------------------------------------------------------------------------------

Exploring the interactions of the open and closed states with mismatched dsDNA can help us understand how EndoMS/NucS recognizes and anchors the mismatched dsDNA during the MMR process. The study of this section is based on short MD simulations of the open state (M1) and the closed state (M20). In order to explore the conformational stabilities of M1 and M20, the root mean square deviation (RMSD) of EndoMS/NucS C${}_{\alpha}$ atoms during the MD simulations, relative to the initial structure, were calculated; as shown in [Figure 5](#ijms-20-05142-f005){ref-type="fig"}a. Compared with that of M20, the RMSDs curve of M1 shows large fluctuations. From the PCA analysis, we find that the large fluctuation of M1 is mainly caused by the movement of two C-terminal domains ([Figure 5](#ijms-20-05142-f005){ref-type="fig"}b), as it is hard for the the C-terminal domains to interact with the mismatched dsDNA when the angle is larger than the activation angle.

To get detailed information about the interaction mechanism between EndoMS/NucS and mismatched dsDNA, the absolute binding free energies of M1 and M20 were calculated. The details about binding free energies of M1 and M20 are summarized in [Table 1](#ijms-20-05142-t001){ref-type="table"}. The binding free energy of M20 (−122.94 kcal/mol) was about 2 times that of M1 (−68 kca/mol). The decomposition results of the binding free energy indicate that the contributions of the residues at the N-terminal domains of M1 and M20 were similar to each other, which indicates that the difference between the binding free energies of M1 and M20 is mainly because of the interaction of the C-terminal domains with the mismatched dsDNA ([Figure 3](#ijms-20-05142-f003){ref-type="fig"}a,e). The binding energy contributions of M1 come from the N-terminal domains, because only the N-terminal domains interact with the mismatched dsDNA when EndoMS/NucS is in the open state. The binding energy contribution (not including entropy contribution) of N-terminal domains of M1 and M20 are −114.62 and −146.22 kcal/mol, respectively. The large and stable binding energy between the N-terminal domains and the mismatched dsDNA of M1 and M20 suggests that the N-terminal domains play a critical role in recognizing and catching mismatched dsDNA. [Table 1](#ijms-20-05142-t001){ref-type="table"} also shows that the electrostatic interaction is important for the recognition and binding of EndoMS/NucS. We calculated the electrostatic surface potential of EndoMS/NucS and the result is shown in [Figure 5](#ijms-20-05142-f005){ref-type="fig"}c. The regions that directly interacted with the mismatched dsDNA show positive surface, which agrees with the calculation of binding free energy. The interface of the N-terminal domains shows more positive charges than the C-terminal domains. The positive surface is favorable to recognize and interact with the negative mismatched dsDNA.

The residues that have a large contribution (≤−3 kcal/mol) to the binding free energy of N-terminal domains of M1 and M20 are represented in [Figure 6](#ijms-20-05142-f006){ref-type="fig"}, and detailed information about the energy contributions of key residues is listed in [Table S1](#app1-ijms-20-05142){ref-type="app"}. The basic residues (Lys and Arg), which bring positive charges, are important for anchoring the mismatched dsDNA. The side-chains of Tyr41 and Trp77 (Tyr41${}^{\prime}$ and Trp77${}^{\prime}$), which form the base recognition sites located at the N-terminal domains, can form a $\pi$-stacking interaction with a G or T base ([Figure 7](#ijms-20-05142-f007){ref-type="fig"}). The mismatched bases, which are flipped out from the DNA double helix due to the weak interaction, insert in the middle of the two side-chains of Tyr41 and Trp77 (Tyr41${}^{\prime}$ and Trp77${}^{\prime}$). The residue-based decomposition of binding free energy for key residues located at N-terminal domains are shown in [Figure 6](#ijms-20-05142-f006){ref-type="fig"}. For the basic residues (Lys and Arg), the main driving force for the binding of EndoMS/NucS and the mismatched dsDNA is the pure electrostatic interaction ($\Delta$G${}_{ele}$). The electrostatic interactions of basic residues come from the interactions of their side-chains containing amino groups with the mismatched dsDNA. The van der Waals (VDW) energies of the residues Tyr and Trp, which form the recognition sites, are the main contribution to the binding energy, due to the $\pi$--$\pi$ interactions between their side chains and the mismatched bases. Compared with [Figure 6](#ijms-20-05142-f006){ref-type="fig"}a,b, it can be found that the energy contribution of Arg44${}^{\prime}$ is largely increased in the closed state. The increased energy contribution mainly comes from the electrostatic interaction of its side-chains and this is as its side-chain forms a new hydrogen bond with the mismatched dsDNA in the closed state ([Section 2.4](#sec2dot4-ijms-20-05142){ref-type="sec"}). The C-terminal domains of the closed state have strong interactions with the mismatched dsDNA. The contributions of the C-terminal domains also mainly come from the basic residues (Lys and Arg), as can be found in [Figure S2 and Table S1](#app1-ijms-20-05142){ref-type="app"}.

2.4. Hydrogen Bonds Analysis {#sec2dot4-ijms-20-05142}
----------------------------

In order to investigate the influence of the configuration on the hydrogen bonding network, hydrogen bond length and occupancy for the M1 and M20 systems were calculated by the CPPTRAJ module of AMBER16 during the MD simulations, and the results are listed in [Table 2](#ijms-20-05142-t002){ref-type="table"} and [Table S2](#app1-ijms-20-05142){ref-type="app"}. The M1 and M20 systems both form a complex hydrogen bond network with the mismatched dsDNA. The hydrogen bond networks between the N-terminal domains and the mismatched dsDNA of M1 and M20 were almost the same, except the for Arg44${}^{\prime}$ in M20 ([Table 2](#ijms-20-05142-t002){ref-type="table"}). Arg44${}^{\prime}$ forms three new hydrogen bonds, OP2(T10)⋯NH1--HH12(Arg44${}^{\prime}$), OP1(T10)⋯NH2--HH22 (Arg44${}^{\prime}$), and OP1(G9)⋯NH1--HH11 (Arg44${}^{\prime}$), and the occupancies are 99.8%, 98.2%, and 78.6%, respectively.

The new hydrogen bonds of Arg44${}^{\prime}$ explain why the energy contribution of the side-chain of Arg44${}^{\prime}$ is greatly increased in M20. The residues that are located at the recognition sites can form stable hydrogen bonds with the mismatched bases, which are flipped out from the DNA double helix. The mismatched base T8 forms hydrogen bonds with Asn76${}^{\prime}$ and Trp77${}^{\prime}$, both in M1 and M20, with high occupancy (≥97%). The mismatched base G8${}^{\prime}$ also forms hydrogen bonds with the same residues Asn76 and Trp77 in the other recognition site, with high occupancy (≥99%). Trp77 not only forms a binding site with Try41 to recognize mismatched bases (G or T), but also forms the hydrogen bond with the mismatched base to anchor the mismatched dsDNA. The other hydrogen bonds are mainly formed between the basic residues and backbone of the mismatched dsDNA. The C-terminal domains of M20 also form a complex hydrogen bond network with the mismatched dsDNA, which causes the C-terminal domains to tightly catch the mismatched dsDNA ([Table S2](#app1-ijms-20-05142){ref-type="app"}). Combined with the binding energy contribution of key residues, we find that the residues that form stable hydrogen bonds with the mismatched dsDNA also have a great binding energy contribution. It can be concluded that the hydrogen bonds play a critical role in recognizing and anchoring the mismatched dsDNA.

2.5. Ion Binding Sites {#sec2dot5-ijms-20-05142}
----------------------

The previous experiment found that the MMR function of EndoMS/NucS required metal ions (Mg${}^{2 +}$) \[[@B24-ijms-20-05142]\]. The crystal structure of dsDNA-bound includes two Mg${}^{2 +}$ ions, and we kept these two Mg${}^{2 +}$ ions in MD simulations. We explored the stability of the Mg${}^{2 +}$ ions by calculating the distance of Mg${}^{2 +}$ to the mismatched dsDNA; the results are show in [Figure S3c,d](#app1-ijms-20-05142){ref-type="app"}. The Mg${}^{2 +}$ binding sites are located in the middle of the C-terminal domains and the backbone of the mismatched dsDNA. The side-chains of two glutamate acids (such as Glu 132${}^{\prime}$ and Glu179${}^{\prime}$) and the phosphate group of the mismatched dsDNA form the Mg${}^{2 +}$ ion binding sites ([Figure S3a,b](#app1-ijms-20-05142){ref-type="app"}). It is known that the phosphate group of the mismatched dsDNA and the side-chain of glutamate acid both carry negative charges. The binding of Mg${}^{2 +}$ can eliminate the unfavorable effects of glutamate acids on the binding of the mismatched dsDNA. The two Mg${}^{2 +}$ ions are stable at the ion-binding sites during the MD simulations ([Figure S3a,b](#app1-ijms-20-05142){ref-type="app"}). We also explored the movement of all K${}^{+}$ ions. [Figure 8](#ijms-20-05142-f008){ref-type="fig"}a shows the change of velocity of all K${}^{+}$ ions during the MD simulations. It can be found, from [Figure 8](#ijms-20-05142-f008){ref-type="fig"}a, that there is a stable K${}^{+}$ ion binding site in the dsDNA-bound system. The binding site of K${}^{+}$ ion is in the middle of two mismatched bases, which are both flipped out from the DNA double helix due to the weak interaction. The side-chains of Glu73 and Glu73${}^{\prime}$ are also involved in the formation of the K${}^{+}$ binding site ([Figure 8](#ijms-20-05142-f008){ref-type="fig"}b). We also calculated the distance between K${}^{+}$ and the mismatched bases G8 and T8${}^{\prime}$, and the results are shown in [Figure 8](#ijms-20-05142-f008){ref-type="fig"}c,d. It can be seen, from [Figure 8](#ijms-20-05142-f008){ref-type="fig"}c,d, that the K${}^{+}$ is free at the beginning of MD simulations and then is caught by the ion binding site at 2 ns. The K${}^{+}$ ion may play an important role in stabilizing the dsDNA-bound complex, because it can eliminate the disadvantageous effects of negative charges carried by glutamate acids on the binding of the mismatched dsDNA.

3. Materials and Methods {#sec3-ijms-20-05142}
========================

3.1. Protein Models Preparation {#sec3dot1-ijms-20-05142}
-------------------------------

The structure of the dsDNA-bound form of EndoMS/NucS was obtained from the Protein Data Bank (PDB: 5GKE), in which the dsDNA has a G--T mismatched base at position 8 \[[@B24-ijms-20-05142]\]. The apo structure of EndoMS/NucS was also obtained from the PDB (PDB: 5GKJ) \[[@B24-ijms-20-05142]\]. The missing loops of apo EndoMS/NucS were modeled by the MODELLER software ([Figure 9](#ijms-20-05142-f009){ref-type="fig"}a) \[[@B31-ijms-20-05142]\]. All water molecules were removed from the PDB file. The Mg${}^{2 +}$ ions were retained for all systems, as a previous experiment has revealed that the MMR function of EndoMS/NucS requires Mg${}^{2 +}$ ions \[[@B24-ijms-20-05142]\]. The open state of dsDNA-bound EndoMS/NucS was generated by docking the mismatched dsDNA onto the apo form of EndoMS/NucS \[[@B32-ijms-20-05142],[@B33-ijms-20-05142],[@B34-ijms-20-05142],[@B35-ijms-20-05142],[@B36-ijms-20-05142]\], which was based on the dsDNA-bound crystal structure 5GKE ([Figure 9](#ijms-20-05142-f009){ref-type="fig"}a). We constructed the models of the dsDNA-bound state from the open state (apo form of EndoMS/NucS) to the closed state (dsDNA-bound form of EndoMS/NucS). The pathway of conformational translation was based on the angle between the two C-terminal domains, from the open state to the closed state ([Figure 9](#ijms-20-05142-f009){ref-type="fig"}b). Twenty models from the open state (M1) to the closed state (M20) were modeled by the Chimera software and the detailed information of all the models (M1--M20) can be found in [Table S3](#app1-ijms-20-05142){ref-type="app"} \[[@B37-ijms-20-05142]\]. The residue numbers of EndoMS/NucS were referenced from the crystal structure of 5GKE; A: 5-237 and B: 5${}^{\prime}$-237${}^{\prime}$. The sequence of the mismatched dsDNA is shown in [Figure 9](#ijms-20-05142-f009){ref-type="fig"}c, where the mismatched bases are colored in red. The webserver H++ was used to determine the protonation states and add hydrogen atoms for all EndoMS/NucS-dsDNA models \[[@B38-ijms-20-05142],[@B39-ijms-20-05142],[@B40-ijms-20-05142]\].

3.2. Molecular Dynamics Simulation Protocol {#sec3dot2-ijms-20-05142}
-------------------------------------------

All MD simulations presented in this work were performed using the AMBER16 package \[[@B41-ijms-20-05142]\]. The AMBER ff14SB force field was adopted for EndoMS/NucS-dsDNA structures and the Leap module was used to generate the topology and co-ordinate files. All the protein models were solvated in a cubic periodic water box of TIP3P \[[@B42-ijms-20-05142]\] model with a cutoff of 12 Å. The solute was neutralized with potassium ions and then K${}^{+}$/ Cl${}^{-}$ ion pairs were added to reach a concentration of 150 mM. All systems were subjected to MD simulations with periodic boundary conditions. The cutoff value of non-bonded interaction was set to 10 Å. The long-range electrostatic interaction was calculated by the Particle Mesh Ewald (PME) method \[[@B43-ijms-20-05142]\]. The SHAKE algorithm \[[@B44-ijms-20-05142]\] was used to constrain all bonds involving hydrogen atoms.

All the MD simulations included two stages: Minimization and equilibration \[[@B45-ijms-20-05142],[@B46-ijms-20-05142],[@B47-ijms-20-05142]\]. The minimization included three steps: The systems were first subjected to 2500 steps of steep descent movements, followed by 2500 steps of conjugate gradient minimization to remove the bad clashes between solute and solvent. Then, the systems were gradually heated from 0 K to 300 K in 50 ps. Finally, the systems were minimized at NVT ensemble for 50 ps. The atoms of protein and dsDNA structures were restrained by a harmonic restraint of 20 kcal·mol${}^{- 1}$Å${}^{- 1}$. Next, the systems were equilibrated using Langevin dynamics under constant temperature and constant-pressure (NPT) conditions at 300 K and 1 atm for 250 ps without any position restraints. Then, the production simulations were performed as an NPT (300 K, 1 atm) ensemble with a 2 fs time step. The conformational snapshots were saved for further analysis every 40 ps. For the short MD simulations of twenty models, the simulation time was 100 ns for each system (total 2 $\mathsf{\mu}$s). For the long MD simulations of M1, M5, M10, M15, and M20, the systems were heated from 300 K to 500 K, in order to increase the reaction rate. The time of MD simulation per system was 420 ns. The heavy atoms of N-terminal domains and mismatched dsDNA were restrained by a harmonic restraint of 1 kcal·mol${}^{- 1}$Å${}^{- 1}$, because we mainly cared about the movement of the C-terminal domains in this study.

3.3. Conformational and Environmental Analysis {#sec3dot3-ijms-20-05142}
----------------------------------------------

The root mean square deviation (RMSD), principal component analysis (PCA), distance between two atoms, angle between two C-terminal domains, and average structure analysis were done by the CPPTRAJ module of AMBERTOOLS16 \[[@B41-ijms-20-05142]\]. Hydrogen bonds were defined with a distance cutoff of 3.5 Å between two heavy atoms and an angle cutoff of 120${}^{\circ}$ for acceptor-hydrogen-donor. The hydrogen bonds were characterized by the percentage of trajectory during which they were observed. The electrostatic surface potential of EndoMS/NucS analysis, trajectory visualization, and the corresponding figures were done using the Chimera software \[[@B37-ijms-20-05142]\]. The calculation of velocity for all K${}^{+}$ ions during MD simulations was done by a shell script written by our group.

3.4. Free Energy Calculations {#sec3dot4-ijms-20-05142}
-----------------------------

The C-terminal domains of EndoMS/NucS have to move about 40 Å and rotate by about 100${}^{\circ}$ from the open state (M1) to the closed state (M20). The free-energy landscape determines the conformational changes and interactions of proteins. Therefore, it is necessary to exploring the nature of relevant free-energy landscape to uncover the mechanism of protein conformational changes. In this study, the Molecular Mechanics Generalized Born Surface Area (MM-GBSA) method \[[@B48-ijms-20-05142],[@B49-ijms-20-05142]\], which has been implemented in AMBER16, was used to calculate the free-energy landscape and the binding free energy. The free energy was estimated by the following equation:$$\Delta\Delta G_{TOT} = \Delta E_{MM} + \Delta G_{sol} - T\Delta S,$$ where $\Delta\Delta$G${}_{TOT}$ is the binding free energy of the system; and $\Delta$E${}_{MM}$, $\Delta$G${}_{sol}$, and −T$\Delta$S are the molecular mechanics free energy, the solvation free energy, and the conformational entropy in the gas, respectively. The molecular mechanics free energy can be further divided into electrostatic interaction energy ($\Delta$E${}_{ele}$) and van der Waals energy ($\Delta$E${}_{vdw}$) in the gas, respectively:$$\Delta E_{MM} = \Delta E_{ele} + \Delta E_{vdw}.$$

The solvation free energy ($\Delta$G${}_{sol}$) consists of the polar ($\Delta$G${}_{GB}$) and nonpolar contributions ($\Delta$G${}_{SA}$):$$\Delta G_{sol} = \Delta G_{GB} + \Delta G_{SA}.$$

The $\Delta$G${}_{sol}$ was calculated with the GB module (IGB = 2) of the AMBER 16. The dielectric constant was set to 1.0 for the interior solute and 80.0 for the exterior solvent. The same atomic radii and charges to the MD simulations were used to calculate the binding energy. The nonpolar contribution of the solvation free energy ($\Delta$G${}_{SA}$) was determined according to the following equation:$$\Delta G_{SA} = \gamma \times SASA + \beta,$$ where the Solvent-Accessible Surface Area (SASA) was estimated by the MSMS algorithm with a solvent probe radius of 1.4 Å. The empirical constants $\gamma$ and $\beta$ were set to 0.005 kcal/(mol·Å${}^{2}$) and 0.0, respectively. The entropy term (−T$\Delta$S) was estimated by a normal mode analysis with the NMODE module in the AMBER16. The entropy calculation was only performed for the binding free energy calculations. The decomposition of binding free energy was also calculated by the MM-GBSA module.

4. Conclusions {#sec4-ijms-20-05142}
==============

In this study, extensive MD simulations have been performed, along with molecular docking, molecular modeling, and energy calculations, to explore the recognition and binding mechanism of EndoMS/NucS to mismatched dsDNA. The energy curve of EndoMS/NucS revealed that there is an energy barrier (activation angle) between the open state and the closed state. When the angle is larger than the activation angle, the C-terminal domains can freely move and prefer to converge to the open state. Otherwise, the C-terminal domains will interact with the mismatched dsDNA directly and converge to the closed state at the global energy minimum. The longer MD simulations further confirmed that the C-terminal domains can easily interact with the mismatched dsDNA and then transition to the closed state. It was also found that the change of binding state from the open state to the closed state has no effect on the interaction of the N-terminal domains with the mismatched dsDNA. The electrostatic interactions, hydrogen bonds, and $\pi$--$\pi$ interactions between the N-terminal domains and the mismatched dsDNA play a critical role in recognizing and anchoring the mismatched dsDNA. The aromatic nucleus, with the two side-chains of Tyr41 and Trp77 (Tyr41${}^{\prime}$ and Trp77${}^{\prime}$), can form a binding site to recognize the mismatched bases and anchor the dsDNA, where the mismatched bases are flipped out from the DNA double helix due to the weak interaction. In addition, a new K${}^{+}$ binding site between the middle of two mismatched bases has been revealed. The binding of K${}^{+}$ can increase the stability of EndoMS/NucS-dsDNA by eliminating unfavorable interactions of the negative charges carried by the side-chains of Glu73 and Glu73${}^{\prime}$. The present study is expected to be beneficial for understanding the recognition and binding mechanisms of EndoMS/NucS in the novel DNA MMR pathway of archaeal species.

###### 

Click here for additional data file.

The following are available online at <https://www.mdpi.com/1422-0067/20/20/5142/s1>, Figure S1: Interaction spectra between EndoMS/NucS and the mismatched dsDNA. Figure S2: Decomposition of binding free energy, on a per-residue basis, into contributions from the sum of electrostatic interactions and polar solvation energy, the van der Waals energy, and nonpolar solvation energy for the key residues of C-terminal domains of M20. Figure S3: The distance of two Mg${}^{2 +}$ ions to the mismatched dsDNA: (a) Mg${}^{2 +}$, and (b) Mg'${}^{2 +}$. (c) The binding site of Mg${}^{2 +}$. (d) The binding site of Mg'${}^{2 +}$. Table S1: The binding energy contributions of the key residues of M1 and M20. Table S2: Hydrogen bonds between EndoMS/NucS and dsDNA of the C-terminal domains of M20 in the last 20 ns. Table S3: Twenty models from the open state (M1) to the closed state (M20).
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![The relative energy of the EndoMS/NucS-dsDNA system as a function of the conformational co-ordinate (the angle between the two C-terminal domains of EndoMS/NucS).](ijms-20-05142-g001){#ijms-20-05142-f001}

![The angles between two C-terminal domains versus time for twenty systems (M1--M20).](ijms-20-05142-g002){#ijms-20-05142-f002}

![The interaction spectra of EndoMS/NucS with the mismatched dsDNA for (**a**) M1, (**b**) M5, (**c**) M10, (**d**) M15, and (**e**) M20. The interaction spectra of the other systems can be found in [Figure S1](#app1-ijms-20-05142){ref-type="app"}.](ijms-20-05142-g003){#ijms-20-05142-f003}

![(**a**) The angles between two C-terminal domains of M1, M5, M10, M15, and M20 during long MD simulations. (**b**) The average structures during the last 2 ns, compared with the initial structure and active structure of M10. The initial structure of M10 is colored in purple; the crystal structure (the closed state) is colored in yellow; and the average structure after the MD simulation is colored in blue.](ijms-20-05142-g004){#ijms-20-05142-f004}

![(**a**) The root mean square deviation (RMSD) of EndoMS/NucS C${}_{\alpha}$ atoms of the open state (M1) and the closed state (M20), relative to the starting structure, as a function of time. (**b**) Principal component analysis of M1. (**c**) Electrostatic surface representation of EndoMS/NucS (scale, −10 kcal/(mol·e) to +10 kcal/(mol·e), red to blue).](ijms-20-05142-g005){#ijms-20-05142-f005}

![Residue-based decomposition of the binding free energy from the sum of electrostatic interactions and polar solvation energy ($\Delta$G${}_{ele}$ = $\Delta$E${}_{ele}$ + $\Delta$G${}_{GB}$), the van der Waals energy ($\Delta$E${}_{vdw}$), and nonpolar solvation energy ($\Delta$G${}_{SA}$) for the key residues of N-terminal domains: (**a**) M1 and (**b**) M20. (**c**) The key residues that are important for EndoMS/NucS-dsDNA interactions. The residues belonging to M1 are colored in green, those belonging to M2 are colored in red, and those belonging to M1 and M20 are colored in blue.](ijms-20-05142-g006){#ijms-20-05142-f006}

![The recognition sites of EndoMS/NucS.](ijms-20-05142-g007){#ijms-20-05142-f007}

![(**a**) The velocity changes of all K${}^{+}$ ions for M20 during MD simulations. (**b**) The K${}^{+}$ ion binding site in the dsDNA-bound system. (**c**) The distances between K${}^{+}$ and mismatched base G8 during MD simulations. (**d**) The distances between K${}^{+}$ and mismatched base T8' during MD simulations.](ijms-20-05142-g008){#ijms-20-05142-f008}

![(**a**) The docking process of apo EndoMS/NucS with the mismatched dsDNA. The docking was based on the dsDNA-bound crystal structure (PDB: 5GKE). The missing loops of EndoMS/NucS, modeled by MODELLER, are colored in red. (**b**) Twenty models from the open state (M1) to the closed state (M20) were modeled by the Chimera software. Detailed information for all the models (M1--M20) can be found in [Table S3](#app1-ijms-20-05142){ref-type="app"}. (**c**) The mismatched dsDNA sequence that was used in this study. The mismatched base pair (T/G) is colored in red.](ijms-20-05142-g009){#ijms-20-05142-f009}
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###### 

Binding free energy (kcal/mol) components for M1 and M20. $\Delta$E${}_{ele}$, electrostatic energy in the gas phase; $\Delta$E${}_{vdw}$, van der Waals energy; $\Delta$G${}_{SA}$, non-polar solvation energy; $\Delta$G${}_{GB}$, polar solvation energy; $\Delta$G${}_{TOT}$ = $\Delta$E${}_{ele}$ + $\Delta$E${}_{ele}$ + $\Delta$G${}_{GB}$ + $\Delta$G${}_{SA}$; T$\Delta$S, entropy contribution; $\Delta$$\Delta$G${}_{TOT}$ = $\Delta$G${}_{TOT}$− T$\Delta$S.

  Compoment   $\mathbf{\Delta}$E$\mathbf{{}_{vdw}}$   $\mathbf{\Delta}$E$\mathbf{{}_{ele}}$   $\mathbf{\Delta}$G$\mathbf{{}_{SA}}$   $\mathbf{\Delta}$G$\mathbf{{}_{GB}}$   $\mathbf{\Delta}$G$\mathbf{{}_{TOT}}$   −T$\mathbf{\Delta}$S   $\mathbf{\Delta}$$\mathbf{\Delta}$G$\mathbf{{}_{TOT}}$
  ----------- --------------------------------------- --------------------------------------- -------------------------------------- -------------------------------------- --------------------------------------- ---------------------- --------------------------------------------------------
  **M1**      −112.32                                 −2512.7                                 −8.76                                  2513.51                                −120.16                                 51.91                  −68.25
  **M20**     −265.49                                 −3777                                   −23.47                                 3858.14                                −207.77                                 84.83                  −122.94

ijms-20-05142-t002_Table 2

###### 

Hydrogen bonds between EndoMS/NucS and dsDNA of the N-terminal domains for M1 and M20 in the last 20 ns.

  Acceptor                                DonorH          Donor          Occupancy (%)   Distance (Å)
  --------------------------------------- --------------- -------------- --------------- --------------
  **M1 (the open state) N-terminal**                                                     
  **DG_10'\@OP2**                         ARG_44\@HH12    ARG_44\@NH1    100             2.78
  **DG_8'\@O6**                           TRP_77\@H       TRP_77\@N      100             2.93
  **DT_8\@O4**                            TRP_77'\@H      TRP_77'\@N     99.8            2.97
  **DT_10\@OP1**                          TRP_77'\@HE1    TRP_77'\@NE1   99              2.81
  **DG_8'\@O6**                           ASN_76\@HD22    ASN_76\@ND2    99              2.89
  **DG_10'\@OP1**                         ARG_44\@HH22    ARG_44\@NH2    98.8            2.88
  **DT_8\@O4**                            ASN_76'\@HD22   ASN_76'\@ND2   97.2            2.99
  **DG_10'\@OP1**                         TRP_77'\@HE1    TRP_77'\@NE1   87.8            2.87
  **DT_11'\@OP1**                         ARG_72'\@H      ARG_72'\@N     86.4            2.85
  **DT_8\@O2**                            ARG_98'\@HH22   ARG_98'\@NH2   77.8            2.80
  **DC_11\@OP1**                          GLU_73\@H       GLU_73\@N      74.4            3.00
  **M20 (the closed state) N-terminal**                                                  
  **DG_10'\@OP2**                         ARG_44\@HH12    ARG_44\@NH1    100             2.77
  **DG_10'\@OP1**                         ARG_44\@HH22    ARG_44\@NH2    100             2.88
  **DG_8'\@O6**                           TRP_77\@H       TRP_77\@N      100             2.96
  **DT_10\@OP2**                          ARG_44'\@HH12   ARG_44'\@NH1   99.8            2.80
  **DT_10\@OP1**                          TRP_77'\@HE1    TRP_77'\@NE1   99.6            2.83
  **DT_8\@O4**                            TRP_77'\@H      TRP_77'\@N     99.6            2.99
  **DG_8'\@O6**                           ASN_76\@HD22    ASN_76\@ND2    99              2.91
  **DT_10\@OP1**                          ARG_44'\@HH22   ARG_44'\@NH2   98.2            2.93
  **DT_8\@O4**                            ASN_76'\@HD22   ASN_76'\@ND2   97.6            2.97
  **DT_11'\@OP1**                         ARG_72'\@H      ARG_72'\@N     94.2            2.83
  **DG_10'\@OP1**                         TRP_77\@HE1     TRP_77\@NE1    91              2.84
  **DG_9\@OP1**                           ARG_44'\@HH11   ARG_44'\@NH1   78.6            2.99
